Abstract. In this study the seismic response of free standing, rocking columns and frames is investigated taking into account different intensity measures (IMs
INTRODUCTION
The investigation of the seismic response of ancient structural systems such as ancient columns and colonnades has received increasing attention during the last decades. These structural systems comprise the construction technique of Archaic, Classical, and Roman temples. Different types of columns with numerous variations in their geometrical characteristics can be found mainly in the Eastern Mediterranean region. In general, ancient columns are earthquake resistant, as proven from the fact that many monuments like these have survived many strong earthquakes over the centuries. This notable stability is displayed mainly due to the design method of these structures which is based on articulated mechanisms that demonstrate rocking behavior. Usually these are constructed of limestone or marble blocks (drums), which are placed on top of each other, without connecting mortar between them. These rigid-body assemblies display a very different dynamic response compared to modern structures. Their main difference as shown in Figure 1 is that the rocking behavior exhibits negative stiffness and low damping that occur only at the instant of impact in contrast with the modern design philosophy which is based on the positive stiffness of the structure and the ductility of the structural members [1] . Their response is composed primarily of rocking and sliding among the individual blocks of the structure and the ground. This behavior can be characterized as highly nonlinear due to the continuous changing of geometry and boundary conditions of the structural system during a strong earthquake. Early work on the dynamics of the rocking column started analytically by Milne (1885) [2] while, Omori (1990) [3] was one of the first who performed experimental research on the seismic response of rectangular rocking columns. Subsequently, Kirkpatrick (1927) [4] presented a novel paper in which he relates the column size and the period of the excitation with the rocking response. It was Housner's (1963) [5] study that offers a solution for the dynamic behavior of a single block under pulse excitation, through the formulation of the inverted pendulum. Housner revealed both the size effect, which means that the larger block between two with the same aspect ratio exhibits greater stability under horizontal excitation, and the frequency effect which indicates that the frequency content of the excitation substantially affects the rocking response, with long period excitations being more likely in causing overturning than the short period ones. His pioneer work constitutes the basis of the rocking analysis theory. After these studies several followed as researchers were motivated by the need to understand the rocking response, and they extended our previous knowledge, by revealing hidden aspects of rocking response [6] [7] [8] [9] [10] [11] [12] [13] .
Multi block rocking response has also been under investigation [14] [15] [16] [17] [18] . Sinopoli's work [14] has examined the impact problem between rigid bodies through a kinematic approach. Meanwhile, Psycharis [15] and subsequently Spanos et al. [16] proposed analytical solutions for the rocking response of two stacked rigid blocks assuming no sliding between them. Furthermore, Makris and Vassiliou [17] present the equivalence between a rocking frame and singular rocking blocks whereas, DeJong and Dimitrakopoulos [18] generalized it also for asymmetric rocking frames.
Extensive numerical investigation specifically on the response of ancient structural systems such as free standing single monolithic and multi-drum columns or columns connected to each other at the top level by architraves, which are usually consist the peristyles of ancient temples, has been presented by several researchers [19] [20] [21] [22] [23] [24] [25] . The numerical modeling of all these studies has been conducted using the Discrete Element Method (DEM). Using planar numerical modeling Psycharis et al. [19] investigated the seismic response of ancient columns. Moreover, Konstantinidis and Makris [20] also using a two dimension modeling, examined the effect of wooden poles installed in ancient times, but also of titanium poles which were installed during the restoration process, on the dynamic response of multidrum columns. Additionally, studies are presented on the seismic response of ancient columns and colonnades with epistyles using a custom-made software based on the DEM [23] , [24] . On the other hand, Papantonopoulos et al. [21] and Psycharis et al. [22] performed numerical analyses in three dimensions. It was noticed that 2D analyses are capable of capturing the rocking phenomenon but without computing the out of plane oscillation, which makes the problem more complex. Thus is slightly underestimate the overall response. Experimental studies were also performed by Mouzakis et al. [26] Pena et al. [27] and Drosos and Anastopoulos [28] and confirmed the conclusion obtained from the numerical studies.
Due to the sensitivity of rocking response even to trivial changes of the ground motion characteristics or of the geometry of the model, Spanos and Koh [29] were the first to study the rocking response via a probabilistic framework. Afterwards, seismic vulnerability assessment of rocking columns and frames were presented by Psycharis et al. [30] and Dimitrakopoulos and Paraskeva [31] .
In this paper, we present a numerical investigation of the seismic response of free standing columns and colonnades. Time domain analyses are performed with the use of 30 natural records. The scope of this study is to assess the seismic vulnerability of the examined rocking structures resulting in the most optimal intensity measures (IMs) [32] used for generating the probabilistic seismic demand model [33] . In addition, the difference of the colonnade with epistyle behavior against the single column response is studied while, the influence of the beams' mass on the rocking response is also examined.
NUMERICAL MODELING
For the purpose of this study, finite element models are utilized for the in space simulation of the members, in which the blocks are simulated as deformable elements and the ground as a rigid surface. Despite the structural members being modeled as 3D members, planar analyses were performed. Explicit dynamic analyses were employed as it is computationally efficient for discontinuous events like impact problems, using the central difference algorithm. Of particular significance for the simulation are the appropriate modeling of the contact between the blocks and the base, and in the case of multi block models the contact between each block. Rigid contact is used to model the interfaces while a Mohr-Coulomb model is adopted to describe the mechanical behavior of the joints. For both normal and tangential direction of the contact element, the stiffness is assumed as infinite. In the normal direction no tensile strength is considered while the shear strength is governed by the Coulomb friction coefficient without considering cohesion. As mentioned by a thorough investigation made by Papantonopoulos et al. [21] , damping affects the amplitude of the intense rocking response and thus, zero value of damping gives better results during the strong motion part of the excitation. Consequently both the mass proportional damping and the stiffness proportional damping coefficients are set zero for the analyses. The mechanical properties of the block material as well as the interface properties listed in Table 1 Column with 8m height and slenderness α=0.165rad is studied. The selection of the dimension was made to be in accordance with the size and the slenderness of recorded ancient columns. Specifically the columns of the Temple of Olympic Zeus and the Temple of Apollo in Syracuse have 8 m height. Additionally the Parthenon Pronaos columns have a slenderness of 0.16rad. Concerning the effect of the architrave existence, two varying geometry architraves are examined. The values of the beam (architrave) mass (mb) are defined as a ratio over the columns mass (mc), taking values mb/2mc=0.25, 0.5. The axial distance between the columns is 3m and is spanned with a single block architrave. Figure 2 shows the dimensions in meters of the examined rocking column and frames. 
SELECTION OF NATURAL GROUND MOTIONS AND INTENSITY MEASURES (IMS)

Ground Motions
A set of 30 ground motion time histories is used as input ground motion for the analyses. What proved to be useful, for the selection was an extensive review of ground motion selection methods for dynamic analysis of structural systems presented by Katsanos et al. [34] . The events were chosen from worldwide well-known sites with strong seismic activity. Excitations generated from different types of fault types, with earthquake magnitudes (Ms) between 5.3 and 7.6, including both near fault and far fault records as the closest distance to fault rapture (R) varying from 0.6 to 115 km is employed in order to present a wide range of intensities and frequency contents. A further aspect which has been taken into consideration is the expected damage potential of the seismic excitation on the structure. Seismic excitations which provide a wide spectrum of structural damage, from negligible to severe, are taken into account. Based on the above assumption, a rigorous selection of ground motions carried out from the PEER [35] Table 2 : List of the ground motions used in this study.
Intensity measures (IMs)
In order to designate the optimal earthquake intensity measures (IMs) for rocking response, a large number of seismic parameters is considered in the present study. Specifically 25 IMs were taken into account which can be classified into time history, energy, spectral, and frequency parameters. The definition of all the examined IMs is presented by Kramer [37] . Regarding the time history parameters, peak ground acceleration (PGA), peak ground velocity (PGV), peak ground displacement (PGD), sustain maximum acceleration (SMA), sustain maximum acceleration (SMV), and effective design acceleration (EDA) are taken under consideration. Additionally, with regard to the energy parameters the following were considered, root mean square of acceleration (Arms), of velocity (Vrms), and of displacement (Drms), characteristic intensity (Ic), Arias intensity (Iα), cumulative absolute velocity (CAV), specific energy density (SED), strong motion duration (TD) and Fajfar index (IF). The examined rocking structures do not possess natural modes in the classical sense [21] and so we do not use as intensity measures, spectral acceleration or velocity values for a certain period, although we consider the acceleration spectrum intensity (ASI), the velocity spectrum intensity (VSI) and the Housner Intensity (SIH).
According to the frequency parameters, the period corresponding to the peak acceleration (Tp,A) and to the peak velocity (Tp,V) of the elastic response spectrum, are of the most extensively used frequency parameters in earthquake engineering. Nevertheless, none of these parameters represent the frequency content of a signal, except for the second one which seems to be a good approach to it. Mean period (Tm) [38] which is calculated by the Fourier spectra seems to be the best frequency parameter for excitations with arbitrary time-history shape. Moreover, the ratio PGV/PGA is related to the frequency content of the excitation, as for a harmonic motion this ratio is equal to PGV/PGA=T/2π. Finally, the characteristic length scale Lp=vp·Tp, which is introduced by Makris and Black [39] for pulse-type excitations and extended for non-distinct pulses by Dimitrakopoulos et al. [40] , is considered too.
FRAGILITY ANALYSIS
Probabilistic seismic demand model
The vulnerability is assessed by estimating the conditional probability P where the seismic demand D measured to a specific engineering demand parameter (EDP), is higher than its capacity C, for a given value of a ground motion IM.
The capacity is estimated by the proposed limit states while the demand is estimated using the relationship between the median structural demand Sd and each IM [33] :
where α and b are the linear regression coefficients for the logarithmic expression of the assumed scale law.
Assuming lognormal distribution for both the demand and the capacity of the structure and considering only demand uncertainties (βD|IM), equation (1) can be rewritten in the following form:
where Φ is the standard normal cumulative distribution function, Sc is the median value of the capacity which is estimated through the adopted limit states and βD|IM is the dispersion or logarithmic standard deviation for the demand conditioned the IM. For the calculation of the conditional standard deviation of the regression which is used to estimate the desperation, the following equation is utilized, where di is the i-th realization of the demands from the time history analyses.
In order to conclude in an intensity measure that could reduce even more the demand uncertainty (βD|IM), also is examined vector IMs (couple of IMs) [41] to express the median demand as defined in the follow equation:
Definition of the engineering demand parameter
The introduced engineering demand parameter (EDP) has to get a clear physical meaning. Being aware of this principal, for the examined free standing structures, the best EDP that can be used has to be based on the rocking rotation as rocking is the dominant response of this structure. The absolute maximum developed rotation |θmax| divided to the critical overturning rotation which is equal to the slenderness of the column α, was selected.
Definition of the proposed limit states
Performance Based Earthquake Engineering has introduced the concept of acceptable performance levels. In vulnerability assessment analysis, capacity limit states (LS) are required to be defined, since the objective of the fragility analysis is to obtain the probability of exceedance the stated performance criteria. The capacity should be measured with the metrics of the EDP. Three performance levels, as presented in Table 3 are proposed for the current study. The first limit state (LSI) corresponds to slight rocking of the structure, the second (LSII) to moderate rocking which may cause local damage (imperfections) due to the impact and finally the third (LSIII) that corresponds to collapse due to rocking overturn. 
RESULTS
Correlation analysis
To estimate the grade of interdependency between the intensity measures and the rocking response, the correlation coefficient according to Pearson is calculated. Pearson correlation coefficient shows how well the data fit to a linear relationship. The variables relationship is based on the scale law of Equation (2) . Figure 3 presents the correlation coefficient between the IMs and the EDP for the cases of a the free standing column and the free standing frame with masses ratio mb/2mc=1/4. Examining Spearman's rank correlation coefficient of Figure 3 , the maximum correlation of the adopted EDP with all the velocity based ground motion parameters is easily reconcilable. Specifically PGV and IF is the IMs that has the strongest correlation with the EDP followed by the response spectrum IM SIH. In addition, it is noted that the developed rocking rotation is influenced by the frequency parameters. The mean period of the excitation (Tm) and the ratio PGV/PGA exhibit the highest grade of interdependency, whereas between the predominant periods of the acceleration and the velocity elastic response spectrum, the second one has a higher value of correlation with the EDP. Finally the characteristic length scale of the excitation (Lm) displayed the strongest correlation among all the IMs.
On the other hand, the acceleration based parameters present the lowest grade of interrelationship with the rocking behavior. Additionally, the displacement based as the duration IMs show very low correlation levels with the EDP. Among the IMs which least affects the rocking behavior are the PGA the SMA and the TD.
From the results of the correlation analysis it can be concluded that the IMs associated with the velocity and the frequency content of the ground motion exhibit a far better correlation with the examined EDP. On the contrary, the IMs associated with the acceleration, the displacement and the duration of the excitation exhibit the lowest interdependency with the rocking rotation. 
Median seismic demand
The median demand models are generated from the linear regression analyses. Table 4 summarizes the expression of the median, the regression coefficient R 2 and the dispersion βD|IM of the seismic demand conditioned on a certain IM, for the cases of the free standing column. One of the main objectives of this paper is to estimate the most appropriate IM that reduces the uncertainty in the seismic demand model of rocking structures. The most efficient IMs are those that decrease the amount of the variation in the estimated median demand which means reduced uncertainty. It is noted that as the coefficient of determination R2 reaches higher values, the dispersion βD|IM gets less. Indicated also from the correlation analysis the IMs that minimize the variation of the data in the median demand model, being in general, the velocity and the frequency based ground motion parameters. Specifically, as the performance of the IMs is evaluated regarding the reduction of the dispersion, the most efficient IMs are the PGV, the IF, the Tm, and the Lm with dispersion values 0.66, 0.58, 0.72 and 0.55 respectively.
In order to achieve an even better intensity measure from the perspective of efficiency, we lead to examine also vector valued IMs. In this case a multilinear regression analysis was carried out (Equation (5)) in order to minimize the dispersion on the median demand model. Among all the probable IMs combinations, the couple PGV-Tm tends to be the best vector valued IM. The specific IM is generated from the combination of two individual IMs that are not directly interrelated, as the first one is an amplitude parameter and the second one a frequency ground motion parameter. The regression coefficients took values α=0.01, β1=1.10 and β2=0.85, the determination coefficient R 2 =0.83 and the dispersion βD|IM=0.54. In comparison with all the single IM models, the standard deviation has been reduced to the bi-variable one. Thus, the efficacy of the multivariable IM is shown in terms of uncertainty reduction.
Fragility curves
Fragility curves demonstrate the probability that the structure exceeds a certain capacity limit state, given a ground motion intensity level. The fragility curves of the rocking column resulting from the three most optimal IMs are presented in Figure 4 . The median values of the fragility curves using the PGV for the LSI, LSII, and LSIII are 43, 65 and 110 cm/s respectively whilst, for Farjfar index are 76, 112 and 184 cm/(s 0.75 ). Using the Tm are 0.64, 0.98 and 1.68 s for the three limit states, and finally using the Lm as intensity measure, the median values of the fragility curves are 25, 51 and 129 cm for each limit state.
It is known that rocking structures exhibit an increased stability. This can also be observed from the fragility curves where the probability of exceeding the LSIII which corresponds to collapse by rocking overturn, are limited for intensity measure values that correspond to the majority of the ground motions. However, these structures which constitute some of the world's cultural heritage, have to be preserved undamaged throughout the years. Thus, if needed, we have to propose protection methods for these structures, in order to be preserved from seismic excitations of any magnitude.
Regarding the vector value IM, Figure 5 (a) depicts the surface fragility for all the limit states whilst, Figure 5 (b) shows the fragility curves of exceeding the LSII, for the PGV and for the vector-valued IM which is the couple PGV-Tm. Comparing the single-variable with the bi-variable fragility curves for given Tm values, it is easily observed that as the mean period gets larger values, the vulnerability increases. In addition Table 5 lists the probability of exceedance the stated capacity for various pairs of the 2 IMs and for each IM individually. It is obvious that the bi-variable IM provided a more accurate approach on the definition of the structures' fragility as it can be shifted for even every simultaneous change of each of the two examined IMs. Comparing the probability values of Table 5 , it can be seen that fragility curves generated using as uni-variable IM the mean period Tm seem to underestimate the probability of exceedance every stated performance level, especially when the mean period take low values. Table 5 . Probability values of exceeding the stated performance levels for both univariate and bivariate IMs.
Mass effect on the rocking response
In this section, the beams' mass effect on the rocking response is examined. The results in terms of peak developed rotation versus the most optimal uni-variable IM, which is the length scale of the excitation (Lm), are presented and compared between the different cases. Subsequently, to obtain results through a vulnerability perspective the fragility curves of exceeding the LSII are displayed (Figure 6 ).
There are two rocking frames considered with differences of the ratio of the beam mass to the columns masses (Figure 2 ). From Figure 6 it can be noticed that the single free standing column presents larger values of rocking rotation in contrast with the rocking frames regardless of the rise of the gravity center of the cap beam. Moreover, comparing the seismic response of the frames, the one with the heavier beam exhibits increased stability. Both observations came into agreement with Papaloizou and Komodromos [23] and Makris and Vassiliou [17] conclusions. These remarks can easily be seen from the rotation versus the excitation length scale plot but also from the respective fragility curves. 
CONCLUSIONS
The effect of the seismic excitations parameters on the rocking response of free standing columns and frames is numerically investigated in this paper, in order to conclude in an optimal uni-variable or bi-variable IM that reduces the uncertainties associated with the PSDM. Moreover, the influence of the size and the construction on the response of the structural systems is examined. The conclusion indicated by this study can be summarized as follows:
• Rocking behavior is primarily affected by the velocity based and the frequency content parameters of the ground motion. Specifically, the peak ground velocity (PGV), the Fajfar index (IF), the mean period (Tm) and the length scale (Lm) of the excitation are the most optimal IMs.
• Vector valued IMs provided better approach on the determination of the fragility curves, than the uni-variable IMs. In addition, between the bi-variables IMs the couple PGV-Tm is the most efficient one.
• Rocking structures exhibit notable stability that can be seen also from the fragility curves in which the probability of overturning due to rocking is limited for IM values, which correspond to the majority of the ground motions.
• Free standing frames are less vulnerable than the single columns. Moreover, as the beam mass increases, the developed rocking rotation of the frame tends to be reduced.
